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ABSTRACT

The U.S. Department of Energy has established an unmanned aerospace vehicle (UAV) measurement program. The
purpose of this paper is to describe the evolution of the program since its inception, review the progress of the program,
summarize the measurement capabilities developed under the program, illustrate key results from the various UAV cam-
paigns carried out to date, and provide a sense of the future direction of the program. The Atmospheric Radiation
Measurement (ARM)—-UAYV program has demonstrated how measurements from unmanned aircraft platforms operat-
ing under the various constraints imposed by different science experiments can contribute to our understanding of cloud
and radiative processes. The program was first introduced in 1991 and has evolved in the form of four phases of activity
each culminating in one or more flight campaigns. A total of 8 flight campaigns produced over 140 h of science flights
using three different UAV platforms. The UAV platforms and their capabilities are described as are the various phases
of the program development. Examples of data collected from various campaigns highlight the powerful nature of the
observing system developed under the auspices of the ARM—UAV program and confirm the viability of the UAV plat-
form for the kinds of research of interest to ARM and the clouds and radiation community as a whole. The specific ex-
amples include applications of the data in the study of radiative transfer through clouds, the evaluation of cloud
parameterizations, and the development and evaluation of cloud remote sensing methods. A number of notable and novel
achievements of the program are also highlighted.
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Although the potential of UAVs has long beemonmental Research Aircraft and Sensor Technology
appreciated, demonstration of the advantages of thpsegram (ERAST; available online at http://
platforms over manned aircraft under actual operatingvw.dfrc.nasa.gov/Projects/Erast) is currently devel-
conditions encountered in complex scientific experdping a family of high-altitude, long-endurance, and
ments is generally lacking. This apparent lack of demelatively low operational cost UAVs for environmen-
onstration exists despite the ongoing developmenttaf research. The ONR, in conjunction with the Naval
various autonomous aircraft that offer a range of alfostgraduate School, California Institute of Technol-
tude, duration, and payload-carrying capabilities. Fogy, and Princeton University, has developed the Cen-
example, Aurora Flight Services continues to develtgr for Interdisciplinary Remotely Piloted Aircraft
and test the Perseus line of UAVs (Langford 1990) aBtudies (CIRPAS; see Bluth et al. 1996; available
have introduced the Theseus concept UAV with mooaline at http://web.nps.navy.mil/~cirpas/) to support
payload and altitude capability than that of the Perseasnospheric and oceanographic research and technol-
Scientific experiments with these aircraft exist only agjy development. CIRPAS proposes to operate three
concepts at this time (e.g., Albritton et al. 1991ypes of UAVs including the above-mentioned
Langford 1990). Holland et al. (1992) describe therosonde and the General Atomics Aeronautical
Aerosonde concept that is a small, inexpensive, afgstems Altus aircraft in partnership with the Depart-
reusable aircraft capable of lifting a few kilogram paynent of Energy (DOE) Atmospheric Radiation Mea-
load to about 5 km. Although test flights with thisurement (ARM) Program.

UAYV indicate significant potential for sounding the The U.S. DOE through the ARM program is the third
lower atmosphere, only very basic and simple paggency to establish a UAV-based measurement program
loads with elementary data systems have been flogavailable online at http://armuav.atmos.colostate.edu).
to date. Military interest in extremely long enduranc&his program, hereafter referred to as the ARM-UAV
high-altitude UAVs led to the development of therogram, was originally developed as part of the At-
BoeingCondorin the early 1980s. This aircraft useanospheric Remote Sensing and Assessment Program
two, dual-stage turbo-charged, piston engines drivitgRSAP). The ARSAP is a joint program between the
large diameter propellers to achieve multiday endubepartment of Defense (DoD) and DOE developed as
ance at altitudes as high as 20 km (67 000 ft) withpart of the global environmental change thrust of the
payload weight on the order of 1000 kg (2200 Ib%trategic Environmental Research and Development
Although theCondor offered extremely impressiveProgram (SERDP). ARSAP was funded from FY91
performance, its size, complexity, and cost made ittitirough FY95 to develop improved measurements for
suited for climate research, as contemplated by UAstudying the earth’s atmosphere. The DoD focused on
programs mentioned below. However, the use of lighihe stratosphere and mesosphere whereas the DOE'’s
weight, aerodynamically efficient composite airframiterests were directed to the troposphere.
construction and multistage turbo-charged piston en- The ARM-UAV program has evolved consider-
gines, like that developed f@ondor,with advances ably since the original period of SERDP funding. This
in low-cost, powerful digital processing capabilitieprogram has been based on the availability of exist-
led to the class of high-altitude, long-endurance UAWsg UAVSs that were originally developed for military
offered by Aurora Flight Services and Generalrveillance purposes. The ARM-UAYV program has
Atomics-Aeronautical Systems and others. These relsegrated multiple payloads and provided 540 flight
tively low-cost UAVs provided a capability well suitechours of quality research data obtained from a num-
to aircraft-based research programs. ber of field campaigns and as a result of this activity

Three UAV-based research flight programs haves convincingly demonstrated the viability of UAVs
been established by different agencies within tlireatmospheric research. The purpose of this paper is
United States connected in part with the abovidescribe the ARM-UAYV program and its evolution
mentioned ongoing development of UAV platformssince its inception, assess the progress of the program,
The evolution of these programs has not been entirelynmarize the measurement capabilities developed
independent of one another. Both the National Aeronder the program, illustrate key results from the vari-
nautics and Space Administration (NASA) and theus UAV campaigns carried out to date and a vision
Office of Naval Research (ONR) have putin place prior the future direction of the program.
grams dedicated to promoting the use of UAVs as a The paper begins with an overview of the research
platform for environmental research. NASA’s Enviand technical thrusts of the ARM-UAV program. This
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is followed in section 3 with a summary of the aircrathe UAV platforms were unavailable for any given
platforms operated during the various campaigns tlc@mpaign. The use of manned aircraft as opposed to
have been carried out since 1993. Section 4 overvieWAV aircraft is also indicated in Table 1.
payload elements specifically developed under the Phase I: Phase | began in 1993 and sought to dem-
program, section 5 describes the data systems and datdrate the viability of making atmospheric profile
protocols established for the measurement campaigmgasurements of clear-sky radiative fluxes and related
and section 6 presents selected highlights of reswtmospheric variables using a single UAV platform,
obtained from the measurements carried out to datethis case the Gnat-750 UAV built by General Atom-
The paper concludes with a summary and a reviewicg Aeronautical Systems, Inc. The activity of phase |
the progress of the ARM—-UAYV program. included two flight series. The first was a series of
engineering test flights conducted in restricted air
space at Edwards Air Force base in November 1993.
2. The ARM-UAYV concept The second campaign operated from the Blackwell
Tonkawa Airport approximately 10 nautical miles
The ARSAP program sought to develop improveidom the ARM Southern Great Plains (SGP; Stokes
measurements that could contribute toward an emd Schwartz 1994) site during the spring of 1994
hanced understanding of the earth’s atmosphere #@hereafter referred to as S94). The payload consisted
its response to global change. The program soughbfeseven instruments, a pair of matched broadband
exploit and apply unique DoD and DOE technologie®lar and infrared hemispheric radiometers, the total
as a way of contributing to this programmatic goaliffuse direct radiometer (TDDR; e.g., Valero et al.
The ARM-UAYV program, in turn, contributes to thiss982) mounted in the zenith position measuring
goal through the pursuit of the following scientific andownwelling radiation in seven solar bands, the Spec-
technological objectives. trally Scanning Polarimeter (SSP; Stephens et al.
2000), and a suite of instruments measuring tempera-
1) The ARM-UAY program seeks to incorporate newire and dewpoint. Clear-sky profiles of temperature,
measurement technologies on UAV platforms pravater vapor, and short- and longwave fluxes were thus
viding observations that contribute meaningfullpbtained from the flights conducted under this cam-
to our understanding of cloud and radiation intepaign and analyses of these measurements are sum-
actions. The program has not only supported thearized by Valero et al. (1996).
development of new instruments and data systemsPhase Il: The principal technical goal of phase II
but has also supported the adaptation of other imas to fly the UAV platform in formation with a sec-
struments to the UAV environment. ond (manned) aircraft and to connect the observations
2) The program also seeks to demonstrate the cafpam both aircraft to surface and satellite observations.
bilities of selected UAV platforms operating unThis activity began with the fall 1995 (F95) campaign
der the varying constraints established by diffealso referred to as ARESE; e.g., Valero et al. 1997).
ent science experiment scenarios. This has fBince the UAV was unavailable for this campaign, two
volved, among others, the development of tecimanned aircraft were equipped with radiometers and
niques to formation fly UAVs and provide realflew a tightly stacked formation with one aircraft
time data down linked to the instrument ment@bove the other to provide solar flux measurements
located at a remote operating center. above and below the cloud. The science payload in-
cluded two additional solar radiometers covering the
A systematic approach involving four phases gpectral range 0.7-3:0n in lieu of the infrared radi-
activities was developed to meet these objectives whilmeter, the addition of a second TDDR mounted in
taking maximum advantage of increasing instrumethie nadir position, and the cloud detection lidar (CDL).
and UAV capabilities that evolved throughout th& number of papers report on the results of the ARESE
period of the 1990s. The specific goals of the first threempaign (e.g., Valero et al. 1997; Li et al. 1999) in-
phases of the program have been achieved througtiualing multiple aircraft observing system simulation
series of measurement campaigns summarizedstndies (Marshak et al. 1997).
Table 1. In all campaigns, since phase |, measurementPhase |l continued with the spring of 1996 (S96)
from manned aircraft have either augmented the UAMampaign by repeating the earlier two manned aircraft
measurements or have substituted for the latter wresqperiment. In this campaign, the Egrett also flew the

Bulletin of the American Meteorological Society 2917



TasLE 1. Summary of the ARM—UAV Program experimental campaigns. Four of the eight campaigns to date deployed UAVs that

are identified in italics. Refer to Table 3 for payload description.

Campaign Development Platforms No. of Highlights
date phase (UAVs in flights and
(refer text) italics) science flight ¥

Nov Phase | Gnat-750 1 flight

1993 3h

Apr 1994 Phase | Gnat-750, 8 flights First science flights in unrestricted

(S94) DHC-6 22 h airspace. First radiation flux profiles

Twin Otter from a UAV up to 7 km
as chase

Fall 1995 Phase Il Egrett and 10 flights Coordination of two aircraft above

(F95) Otter 52h and below cloud. ARESE
experiment with a few days of
solid layered clouds. First flight of
the CDL.

Spring 1996 Phase II Egrett and 7 flights Two aircraft flights repeated—

(S96) Otter 70 h clouds were largely broken, some
cirrus. First flight of the MPIR and
frost point hygrometer

Fall 1996 Phase Il Altusand 5 flights First flight of the Altus UAV—

(F96) Otter 60 h coordinated with manned aircraft
flights (29 Sep). Long duration on
station for 24 h (Fig. 1). First
unescorted science flight of UAV in
civilian airspace.

Fall 1997 Phase Il Altus Iland 5 flights First flight of the Altus Il, mostly

(F97) Otter 19 h clear-sky flights

Spring 1999 Phase lll Altus lland 6 flights Coordinated measurements from

(S99) Otter 37h UAV and manned aircraft. First
scientific operation of the UAV at
scientific operation of the UAV at
55 000 ft

Summer 1999 Phase IV Otter and 10 flights Coordinate flight of UAV payload

(Su99) CIRPAS 35h on manned aircraft with in situ

Otter measurements. First flight of UAV

cloud radar.

an collaboration with NASAs ERAST and Earth System Science Cloud, Aerosol, and Radiation program
bIn collaboration with NASA Earth System Science Cloud, Aerosol, and Radiation program and ONR

°Flight numbers and hours to the first mentioned aircraft listed in the third column

newly developed frost point hygrometer and the Muiiod. Fluxes measured above different cloud conditions
tispectral Pushbroom Imaging Radiometer (MPIRrovided a source of information to evaluate the vi-
instrument (discussed in more detail below). In totadarious calibration of the satellite radiance-to-flux al-
seven flights were conducted in conditions rangirgprithms (e.g., Mayor et al. 1998). This campaign also
from clear skies to overcast stratus over a 3-week peevided measurements above cirrus clouds in con-
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junction with the Subsonic Aircraft contrail aGtbud 200
Effects Special study (Toon and Miake-Lye 1998).

Phase Il concluded with the fall of 1996 (F96) can
paign with the first scientific flights of the Genera
Atomics Altus UAV. The technical goals of Phase I's .l
were thus achieved with the completion of this car £
paign. The payload carried by the Altus included ¢ ¢
instruments flown previously on the Egrett for the S¢ 2
campaign. Flights were mainly conducted in clear-s|&
conditions and were coordinated carefully with tr
Twin Otter using procedures developed for ARES! I
The experiments yielded clear-sky profiles of radii 1000 S . ——
tive fluxes and water vapor. The flight of 4/5 Octobe 0.1 et Yo sAiS el (a/ka) 10.0
1996 was noteworthy setting a record for the longest
continuous measurements of the diurnal cycle of ra-Fie. 2. Profiles of water vapor mixing ratio measured by the
diative fluxes over the SGP from a UAV as shown ffPst point hygrometer flown on both the Altus and Twin Otter

Fig. 1. For this flight the Altus was maintained on st8ve" the SGP site during the F97 campaign. The aircraft measured
9. 1. 9 profiles are contrasted with the profile obtained from radiosonde

tion at approxim_ately 6 km for over 24 h. launched over CART site 2 h prior to the aircraft descent.
Phase IlI: This phase of the program extended the

operational altitude of the UAV upward to acquire
science data at altitudes up to approximately 16 kfibes are contrasted in this figure against radiosonde
Phase Il began with the fall of 1997 (F97) campaigmater vapor profile data obtained some two hours prior
using the Altus as previously used during F96. The the flights as part of a water vapor measurement
first science measurements in this campaign were aftensive observing period that ran concurrently with
tained on 26 September as part of a dual-aircraft méee F97 campaign.
surement strategy. For this particular campaign, the Phase Il continued with the spring of 1999 (S99)
Altus operated at or below 11 km. Figure 2 below iscampaign that operated from the Pacific Missile
sample of the water vapor profile measured with tiRange Facility, Kauai, Hawaii (in contrast to all
frost point hygrometer flown on both the Altus angrevious campaigns based out of the Blackwell-
Twin Otter in clear skies on 26 September. These piicenkawa Airport and flown over the SGP site). This
experiment was designed as a two-aircraft cirrus cloud
experiment and deployed the Altus Il for the first time.
. During the S99 campaign the Altus Il operated for
E Alus altifude 1 16.5 h at or above 15.24 km (50 000 ft) and 1.75 h
] above 16.75 km (55 000 ft) where it generally flew
above all cirrus and in tight formation with the Twin
Otter that flew below cloud base. The Altus Il pro-
vided measurements of spectral and broadband radia-
tive fluxes, spectral radiances, and lidar backscattering
}’R Flux properties of tropical and subtropical cirrus. The Twin
SSP flux Otter provided similar radiometric measurements be-
low the cloud as well as radar reflectivity measure-
ments obtained using the NASA Jet Propulsion
O i bt L Laboratory/University of Massachusetts’ 94-GHz air-
) ) ‘ Time UTC ’ ) borne cloud radar (Sadowy et al. 1997).
Phase IV: The ARM-UAV program has now en-
Fic. 1. Time series of the Altus altitude for the record-settingred its fourth phase of development. Under this

flight conducted on 4/5 Oct 1996 indicating an on station time : :
24 h and 46 min. The lower panel provides time series of tﬁtgase’ the program seeks to accomplish the following.

measured solar fluxes at 0.86 reflected from the atmosphere . .
and surface below the Altus as measured during flight by th@ Provide measurements from a UAV at an altitude

TDDR and SSP. up to 20 km being more typical of the altitudes of

9/26/1997
e Altus
e Otter

600F

8001

Flux (W/(m2 um))
Altitude (km)
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TaBLE 2. Summary of the two manned and three UAV ARM—-UAV Aircraft Characteristics (UAV airframes are identified in italics).

Total
Altitude Payload Endurance science
Aircraft Aircraft type km (ft) kg (Ibs) h flight h
Gnat 750-45 UAV; single engine/prop; 7.6 70 40 25
(25 000) (150)
Egrett Piloted, single engine 13.7 450 10+ 122
turbine/prop; (45 000) (1000)
Twin Otter Piloted, twin engine 7.6 2045 4+ 278
turbine/prop (25 000) (4500)
Altus UAYV, single engine/prop, 12.2 150 24+ 116
4-cylinder; single-stage (40 000) (330) for Altus and
turbocharged Altus Il
Altus 11 UAV, single engine/prop, 19.8 150 12+
4-cylinder, two-stage (65 000) (330)

turbocharged

the tropical tropopause in regions of deep cod. Aircraft platforms and overview of
vection. This altitude capability is needed for platform achievements
observing upper-tropospheric clouds and for pro-
filing upper-tropospheric water vapor in these The eight campaigns summarized in Table 1 de-
regions. ployed five different aircraft platforms, two manned
2) Coordinate flights of two UAVs, one observingircraft (Egrett and Otter) and three UAV platforms,
clouds from above (or below) with the radiometramely the Gnat-750, the Altus and the Altus Il. The
ric and remote sensing sensors already develogétlis and Altus Il provided the majority of the UAV
under the activities of Phases I-lll and a secofi@jht hours for the program. The Altus shares much
UAV providing matched measurements of micrasf the design philosophy and many systems with the
physical properties within the cloud. Predator UAV, developed for the U.S. military as a
reconnaissance platform and used extensively in that
Phase IV began with an experiment carried ordle in recent years. Altus has a composite airframe,
over the Pacific Ocean off the coast of Monteregpproximately a 16.8-m (55 ft) wingspan, a four-
California, in July 1999. This experiment, jointly coeylinder air/liquid cooled engine and pusher propel-
ordinated with both NASA and ONR support, primder. When equipped with a single stage of turbo
rily involved two Twin Otter (manned) aircraft flyingcharging, the Altus is capable of operating at altitudes
coordinated patterns as well as occasional coordinatédpproximately 11 km (37 000 ft) while carrying a
flights with the NASA ER2. The experiment yieldegbayload in excess of 150 kg. The Altus Il carries the
measurements of clouds observed with the UAV pasame payload but the dual-stage turbo charging lifts
load with the addition of the NASA cloud radar aboattthat airframe and payload above 16 km.
one Twin Otter and the simultaneous measurementsTable 2 summarizes the basic capabilities of each
of the microphysics of the clouds obtained with thef the five aircraft platforms and Fig. 3a provides a
second CIRPAS Twin Otter aircraft. This experimeniew of the three UAVs flown and an expanded view
also provided the opportunity for the maiden flight aif the payload flow on the Altus (Fig. 3b). In addition
the ARM-UAYV cloud radar that is planned to particito the valuable science data collected, the ARM—UAV
pate in future UAV campaigns. Planning for these fgrogram recorded a number of notable programmatic
ture Phase IV campaigns is currently in progress. achievements.
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Fic. 3. (a) The three UAV platforms: Gnat, Altus, and Altus I
employed under the ARM-UAYV program in different campaigns.
(b) Extended views of the payload configured on Altus.

1) The ARM-UAYV program conducted the first sci- sible to fly the UAV unescorted above that altitude.
ence flights using a UAV to profile the atmospher& A commercial GPS-based navigation system was
up to 7 km during the S94 campaign. The data were adapted to meet the needs of the ARM-UAV pro-
telemetered from the Gnat to the ground using the gram and was included with all payloads. With this
system specifically developed for the program and system, the horizontal position of one aircraft rela-
discussed below. Since the flights of S94 were the tive to another could be controlled within 100 m
first UAV flights in nonrestricted airspace, the with aircraft separated by 12 km or more in alti-
UAV had to be accompanied with a chase aircraft tude (Fig. 4a). This capability proved to be impor-
(the DHC-6 Twin Otter) that was also used as an tant for many of the science goals of individual ex-
additional platform for science measurements in periments and was employed in the F97 campaign
later campaigns. when the first measurements from a coordinated

2) The first unescorted flights of a UAV above 5.6 km flight of a UAV with a second (manned) aircraft
(18 500 ft, and referred to as Class “A” airspace) were obtained. A second feature of the UAV plat-
on 29 September 1996. The chase plane restrictionsforms used is the high level of stability of the plat-
were lifted for subsequent campaigns for flights in form that could be maintained with wings level to
Class A airspace. Since the service ceiling of the a high degree of accuracy indicated by the pitch and
Altus is above 11 km, the chase plane was only roll information recorded during flight as shown
required to escort the UAV to 6 km making it pos- in Fig. 4b.
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() 4. The ARM-UAYV payload
capabilities

The ARM-UAV payload has evolved
considerably since the first engineering
flights of 1993. Seven new UAV-
compatible instruments have been devel-
oped under the program, five have flown
in the eight campaigns and the other two
sensors have not flown due to funding
shortfalls. The instruments specifically
developed are the CDL, Frost Point
Hygrometer, Atmospheric Emitted Radi-
ance Interferometer (mini-AERI), Hemi-

<= Spherical Optimized Net Radiometer
(HONR), MPIR, the Compact Millime-
ter-wave Radar (UAV-CMR) and the
SSP (Stephens et al. 2000). In addition to
these instruments, the program has also
supported the integration of existing in-
Alts () [ pitch ] 1 struments in the payload as well as a cali-
5 il 27September 1997 3 pration facility at the Los Alamos
A 1 National Laboratory (the appendix).
ST EN  A Wy = A"‘ Table 3 overviews key properties of the
LRI A f R SR [ instruments flown on the different air-
J ©  craft platforms and the lead organization
10 e o ] in qharg_e of the instrument, including
#a 1] calibration and data processing. The
characteristics of four of the new instru-
ments developed specifically for the
% UAV environment are also discussed in
| more detail below. Further details of the
""" pitch { H \ ”H 1 instruments can be found online at
' ' ' o http://armuav.atmos.colostate.edu/
18:15 18:30 18:4:
Time (GMT) armuav3.html.
A suite of instruments provided by
Fic. 4. (a) An example of the formation flying between the Altus UAV and thigancisco Valero and his team originally
Twin Otter for the flight of 4 Oct 1990. (b) Comparison of aircraft pitch and rd¢hcated at NASA Ames Research Center

from the (@) Altus and (b) Otter from a wings level, side-by-side radiometer intgfd |ater at Scripps were also adapted to

comparison flight on 27 Sep 1997 at a flight level of about 4 km. Large variati AV | Thi ; ;
- = ) . Thi ite of radiom-
of the roll indicate turns. The stable characteristics of the UAV platform are |II:§%a U payload § suite of radio

trated by the very small variation of the roll and pitch of the Altus relative to RIS 1S referred to as the Rad'at_'on Mea-
manned Otter. surement System (RAMS) and includes

a pair of matched shortwaweoadband
hemispherical radiometers mounted
4) The F97 campaign also produced the record sgbinting to the zenith and to the nadir, measuring
ting flight of 4/5 October 1996 in which the Altusdownwelling and upwelling solar radiation, respec-
set a new endurance record for airborne scientifigely. A similar pair of shortwave flux radiometers
study being on station at 6 km for 24 h and 46 milimited to wavelengths longer than 0.6& when in-
5) The S99 campaign provided the first extensive scluded as part of the RAMS and combined with broad-
ence measurements from a UAV flown aboveand solar flux measurements provides a way of
16 km. separating visible from near-infrared solar fluxes (e.g.,

(b)

Pitch and Roll (Degrees)
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TasLE 3. The ARM-UAYV instruments.

Instrument Status Key instrument Lead organization
parameters
CDL Flight unit and Weight 28 kg, Lawrence Livermore
engineering model. Power 100W National Laboratory

First flight, F95
and flown in all

Wavelength 1.053n
Pulse length 20 ns
Repetition rate 5 kHz
Output energy 48/pulse

subsequent

campaigns
AERI Not flown
HONR Not flown
MPIR First flight, S96

frost point and laser
diode hygrometers

SSP

UAV-CMR

RAMS

SSFR

Far infrared
channels not
included

First Flight of the
Frost point
hygrometer, S96

First flight, F94 and
flown in all
subsequent
campaigns

First flight,
Monterey 1999

Flown in all
campaigns but with
different
configurations of
radiometers (see
text)

First flight, S99

Power 110W
Weight 30 kg

Volume 1.5

Pulse length 100 ns

University of Wisconsin

Los Alamos National
Laboratory

Sandia National
Laboratories

Brookhaven National

Laboratory

Colorado State University

University of
Massachusetts

Scripps Institute of
Oceanography

NASA, AMES

Valero et al.1997).Similarly apair of matchedong- direct and diffuse fields. This division is important for
wave broadband hemispherical radiometers to melae correction of downwelling shortwave broadband
sure downwelling and upwelling thermal radiation aiata for aircraft roll and pitch and for the determina-
also part of the RAMS system as are a pair of TDQX®n of atmospheric aerosol loading.

that measured upwelling and downwelling radiation The Solar Spectral Flux Radiometer (SSFR) devel-
in seven solar bands from 0.38 to A&t6.The TDDR oped by P. Pilewskie at NASA Ames has also been
has two external moving rings that periodically shadlewn in two of the campaigns. The SSFR is a moder-
the radiation input port from direct solar radiation, akte resolution flux (irradiance) or intensity (radiance)
lowing for the division of downwelling radiation intospectrometer covering the wavelength range from
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(@)
Cloud Detection LIDAR Layout Bt
Upper Upper WFOV Cloud

WFOV Cloud Camera ™ i Camera Window
Field of View Cone

CDL Service
Module Assy

Afocal Telescope

Window Balfle / Shroud

Lower WFOV Cloud ~L1 -
Camera Field of View cone LIDAR Beam

(b)

B  Aircraft Altitude

20

125

Km
®

foy

T

Upper LIDAR Window
g

Lower LIDAR Window

300 to 2200 nm. The estimated rms flux uncertainty
is 3% to 5% for the SSFR spectral range between 300
to 2200 nm. SSFR rnecision,however, is far bet-

ter, between 0.1% and 0.3% and plans are underway
to improve the calibration procedure. Further details
of the instrument and its applications can be found in
Pilewskie et al. (1998).

a. The CDL instrument package

The CDL instrument package has flown in the S95,
S96, F96, S97, and S99 campaigns. The CDL instru-
ment package is composed of three instruments: the
CDL built by Lawrence Livermore National Labora-
tory and two wide field-of-view cameras. The latter are
charge coupled device cameras that are
uncalibrated and used only to provide
photographic documentation of the ex-
tent of cloud cover and some information
on the type and variety of ground cover.
One camera views nadir and the other
views the zenith sky. Only one camera
may be operational at a time.

The main sensor assembly of the
CDL contains a laser diode-pumped
Nd:YLF laser with an output wavelength
of 1.053um and operating at 5-kHz rep-

T T T T T T T T T T 1
19:40 20:30 21:20 22:10 23:00

Time GMT
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1 | | |
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== Aircraft Altitude
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Lun]
I I I I

Y

=]

| | |
500 600 700

T etition rate with Q-switched 20-ns long
23:80 pulses of 48&.J/pulse. The return time
from a pulsed 1.05am laser gives the
range to the target while the amplitude of
the return signal provides information on
the cloud and aerosol density or ground
albedo. This system was developed to be
a particularly compact and ruggedized,
fully eye-safe, high-performance back-
scatter lidar. The CDL is designed to pro-
file to a range of 20 km with a selectable
range resolution to a minimum of 50 m.
The lidar uses a common aperture 20-cm-
diameter telescope to output the transmit-
ter beam and receive the backscattered
radiation. The system is made eye-safe
through a novel approach of operating

850+

| T T | |
00:40

Time GMT

Backscatter Signal Intensity (phot/sec/100m)
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2924

0056 113 1:30 1:46 2:03
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Fic. 5. (a) A schematic of the CDL showing
its location as part of the instrument payload in
the nose of the airframe of the Altus. (b) Profiles
of lidar backscatter from a thin cirrus layer as ob-
served by the CDL plotted as a function of time
| (GMT) along the flight track of the Altus. The
850+ altitude of the UAV is also provided for reference.
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with rapid but very low energy pulses ex-
pandedver the aperture of the telescope.
The system is designed to autonomously
provide a single measurement each sec- Bandwidth

ond, which is an average of 5000 separaté&nannel (um) Detector Usage
profiles to enhance the effective signal to

TasLE 4. MPIR channel assignments.

noise. This provides profiles from much 0.62-067 S ABFGHI
Iower_ (eye-safe) energy per pulse outpt , 0.86-0.90 Si AF.GH.I
The lidar can be rotated to perform clou
detection either above or below the aircraft.3 1.36-1.39 INnGaAs c.D,l

Figure 5a shows a schematic of the
instrument mounted in the nose of th 4 1.58-1.64 InGaAs ABJF.G,|
airframe of the Altus and Fig. 5b pro-
vides an example of the data collected® 211-2.22 InSb ABF
above a cirrus cloud layer observed b
the CDL flying on the Altus Il on ’ 3.55-3.93 InSb A5
28 April during the S99 campaign. The . 6.54—6.99 HgCdTe c
data are the measured backscatter pro-
files along the flight track of the Altus II. = g* 8.40-8.70 HgCdTe A,C,D.E,F,H
The flight altitude of the UAV is also in-
dicated for reference. The backscatter®* 10.3-11.3 HgCdTe ACDEFI
data indicates a layer of cirrus cloud be —
tween 10 and 12 km. Usage key A = cloud |qlent|f|cat|on r_:lnd qmount

B = cloud thickness, particle size, phase
C = upper-tropospheric water vapor

b. The MPIR D = cirrus detection

The MPIR is a radiometrically cali- E = surface and cloud temperatures
brated imaging device designed to mei F = surface properties
sure simultaneously spectral radiances G = vegetation

H = aerosol detection

the nine spectral bands or channels ide _ : L
| = satellite calibration

tified in Table 4. The images from the
MPIR are created from the radiance datag,
obtained from the linear detector arrays
of the instrument that are swept along in
the direction of the aircraft in a “push-broom” modexperimental satellites, including the Moderate Reso-
as shown in Fig. 6. The images constructed in this wlayion Imaging Spectrometer (King et al. 1992).
extend 40° on each side of the aircraft with a horizon- The four distinct types of detector arrays used in
tal resolution of 256 pixels except for channel one thate MPIR modules are also indicated in Table 4.
has 512 pixels. At a flight level 8 km above the suBuring the S96 test series, only the two Si and two
face each pixel has a cross-track footprint of abdatGaAs modules were installed and operational the
50 m at nadir (25 m for channel 1).
MPIR has nine interchangeable detector modules

for each of the nine spectral channels. Each chan Linsardetedor atays Mg
has its own coaligned optics, linear detector arra
signal electronics, and digital signal processors to p
duce a serial, digital output of the image dat

channels not yet flown

Spedral bandpass
Although selection of alternate spectral bands wot Imsging optics \ fiters
make MPIR adaptable to many remote sensing ap| ._
cations, its original nine bands were chosen to provi i I ﬁ _w
identification and characterization of cloud propertie I Diretion of

consistent with radiance data currently available fro. .
a number of sensors flown on both operational andFic. 6. The push-broom measurement concept of the MPIR.
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ity and Doppler velocity pro-
files with a range resolution of
15 m (1000 range gates) and
was designed to meet the power,
size, and weight constraints im-
posed by the UAV platform.
Previous airborne millimeter-
wave cloud radars, such as that
flown on the Otter deployments,
consumed more than 1 KW of
power, occupied 9 cubieet and
weighed 110 kg. In its current
2186nm  gtate (Fig. 8), the UAV-CMR
system consumes 150 W, occu-
pies 1.8 cubic feet, and weighs
40 kg. In the final phase, UAV-

_ , CMR will consume 110 W, oc-
Fic. 7. Images obtained from four of the channels of_ the MPIR |nstrumer!t recorc_ie p 1.5 cubic feet, and weigh
multaneously. The push-broom data that produce the image represent an |ntegrat|o§§(/ r h . |
128-s interval on a clear day on 30 Sep 1996 and show the reflection from the surfac g. T e CMR is c_u_rrer_1t y
the Salt Fork of the Arkansas river in north central Oklahoma. undergoing some modifications
to enhance the sensitivity of the

radar and will be integrated into

version of MPIR that flew on the Egrett. The versiothe ARM-UAYV payload in the near future.
of the MPIR flown on subsequent campaigns included Field tests were performed at UMass as well as in
five modules: four from the previous S96 campaighe Su99 campaign to evaluate the performance of the
plus one of the InSb modules (2.11-2,28). The UAV-CMR and further tests are underway. The
hardware for the other InSb and the three HgCdUMass Cloud Profiling Radar System (CPRS) pro-
modules is near completion. vided coincident W-band reflectivity measurements

Figure 7 is an image derived from MPIR data fawhen tested at the surface and the airborne cloud ra-
the four channels indicated. These images representlan provided similar comparative data in the Su99
integration of approximately 128 s of
data obtained from the flight of 30 Sep;
tember 1996 and show the reflectio
from the surface over the Salt Fork oSS
the Arkansas river in north central Okla S
homa. For comparison purposes, all da
in Fig. 7 are displayed as 25856 ele-
ment images even though channel 1 d

645nm

band that produces very little signal ung y
der the clear-sky conditions encountere
during this flight.

c. The UAV-CMR

The UAV-CMR was developed by
the Microwave Remote Sensing Labore
tory at the University of Massachusetts
Amherst (UMass). Operating at
95.04 GHz, this radar produces reflectiv- Fic. 8. The CMR system highlighting the compact nature of the radar.
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campaign. Figure 9 shows one of the re CMR 95 GHz Reflectivity
flectivity images collected with the two Sep 24, 98 20:41:40 GMT UTC
systems operating on the ground. Th —

data used to produce this image wer 14
obtained with the UAV-CMR configured
with a 4-ft dish antenna that provided a
additional 16 dB of sensitivity. The 12-in ;4
lens antenna shown in Fig. 8 was als

used during these field tests and it pekm 8
formed as expected yielding-20 dB :
sensitivity at 1 km. The UAV-CMR is 6
currently being modified to increase tht

12

sensitivity of the radar. ar v e

d. Radiometric measurement 2_ s AR E
comparisons b it il b ol
The examples of the data presented 0 50 100 150 200 250 300

Fig. 10 emphasize an important aspect minutes

the measurement capabilities of the pr I T

gram, namely the degree of redundanc —40 -13 13

of the measurement capability that offers o
independent verification of the measure CPRS 95 GHz Reflectivity

ments and their estimated accuracie e LU e e
Figures 10a and 10b show comparisor ~ 14p" " S e e
of spectral reflected solar fluxes simul
taneously measured by the SSP ar
TDDR instruments of clouds during twa 4
flights of the F95 campaign. The fluxes ;i
correspond to narrow spectral bands cekm sff
tered at the wavelengths indicatec
Similar comparisons of the SSP spectr. 6F
radiance and the matched nadir radian
of the MPIR are compared for one of th
flights of the F96 campaign in Fig. 10c
These measurements show a close deg
of agreement indicating some confidenc

12

LI L e

S T E R BRI

0 100 200 300

in the independent calibration method minutes
applied to the individual sensors. Thi dBZe
redundancy of measurements will continu _ ;5 _13 13

to be an important feature of future

measurements eSpeCiaIIy with the recent Fic. 9. Comparison of the CMR (upper) versus the CPRS (lower) measure-
introduction of the SSFR to the pay|0ad.ments obtained with both radars located on the ground under a stratiform cloud
observed at the University of Massachusetts.

5. Data systems and protocols and thus the point at which the scientific community
accesses the data. The basic elements of the data sys-
The ARM-UAV data are made widely available ttem are now described.
the scientific community. Figure 11 is a schematic of
the overall data management plan developed for the The telemetry system
program and highlights the main steps in the flow of A flexible telemetry system, both custom designed
data from the sensor to the ultimate point of architer ARM—UAV and based on commercial compo-
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nents,was developed for use on both the UAV anstation via a 4 W E-band transmitter operating at a fre-
manned aircraft. The system can be expanded todaency of either 2205.5 or 2235.5 MHz. The second
clude additional science instruments. It is capable @fmponent is the payload ground station that receives
operation in an unpressurized aircraft at an altitudetbé data transmitted from the aircraft payload, distrib-
20 km with flight duration of 72 h. The telemetry sysites the data to various workstations, and provides
tem also allows the instrument mentor to monitor theglink commands from the ground operations site to
instrument performance in flight and obtain real-timthe aircraft. The payload ground station is configured
science data during flight with the advantage that the a recording and data processing facility receiving
science mission and flight parameters may be moutiput from up to two automatic radio-frequency track-
fied while the UAV is airborne. ing antennae. Uplink commands to the UAV are origi-

There are two main components of the telemetmated on a laptop computer and routed to the UAV'’s
system. Thdirst is the aircraft component that collectsontrol facility via an RS-422 serial stream. Important
multiple digital and analog streams from each instreecondary capabilities of the ground station include
ment and transmits these data to a ground receivifyghe display of real-time payload state of health in-
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cluding selected diagnostic measure . Data Recording
g g Tracking And Processing Science Building

ments, and 2) the dissemination of quic Antenna o —_—
assessment science data to instrume (Bs | =M
mentors, as discussed below. o8 P
b. On-site data management system T Tope e
An on-site data management systel ot ¢—| Receiver
consisting of several computers linked t | | [Recorder Level 00 Backup Tape
each other, the Payload Ground Statio ..., ™" = 1 To ARM
:  On-board | Quad 7 HP Sun Archive
and the Internet serves a number of iNgueie Decom Computer ‘“‘,urkmio“ Warkstatton |10 a0
-

Data Tape <

portant functions during the operatior | \

of the aircraft. The primary purposes of th ' oo

system are to aid in mission and scienc

planning and analysis as well as to mon Lol Ples DL Pl 5

tor the status of théraorne instruments S “Quick Look” Data '

and payload. The system also accesses

data from a number of sites such as the Fic. 11. The data system flow diagram.

SGP Cloud and Radiation Testbed

(CART) site when operating in that vicinity, as welliles and derived, higher-level (al,b1) data that are col-

as other data including meteorological and satelliected by the primary processing facility. The data,

data collected from various sources. A quick-look dataitten as netCDF data files, have considerable infor-

capability that forwards data from all mission aircraftation about the data and limited information about

by the payload ground station in real time to the pthe source instrument in the file header. The valida-

mary quick look computer in the science facility is algton files contain more detailed information about the

a capability developed as part of the system. In sod®ta, the source instrument, the processing algorithm,

cases, the quick-look data are subsampled to redoabbration factors, and quality check procedures.

the real-time computing load in the payload ground In addition to the scientific data and validation

station. The primary quick-look computer prepares thites, the complete UAV mission dataset includes a

data for display and distributes the data to the instrusmber of files that document the flights both opera-

ment mentor computers. It also provides displays foonally and scientifically. Such documentation may

the mission scientist, mission controller, and technigatlude the mission experiment plan, a summary of

support to aid in analysis of the scientific data, in aircrafich flight in a mission including the weather condi-

flight coordination and control, and monitoring of théions and items of scientific note by the Mission Sci-

payload and instrument status. This capability coupledtist, the full set of Mission Scientist and Mission

with the uplink allows the instrument mentor to altecontroller logs, flight cards, and README files with

the state of an instrument to either improve performanogportant notes specific to a mission, flight, aircraft,

or safeguard the instrument against major malfunctions.instrument. A document explaining the directory

structure and naming conventions is also provided.

c. Postflight data management, data reduction, amghcillary data that are not normally archived by the
archive ARM data system are collected, documented, and
Postflight data management converts all data cetored with the UAV program data. The dataset is

lected from the onboard aircraft instruments to a comnansferred to the ARM Archive for access by the gen-

plete, well-documented dataset of known arafal scientific community when deemed complete.

reasonable quality. The postflight processing system

merges information from the three sources (data tapes,

mission logs, and instrument lists) to produce the lo®. Selected ARM-UAV science results

est level (a0) releasable data. During this processing,

necessary documentation is added and various chexkdMIPIR measurements for improving satellite

are performed. The level a0 data are distributed to thealgorithms

instrument mentors for additional value-added pro- A number of different steps are required to convert

cessing. The instrument mentors provide validatiamcalibrated narrowband radiances, such disnaes

~—
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obtained from various operational imagers, to calihese results show the typical behavior for land sur-
brated narrowband fluxes and eventually broadbafades, enhanced reflectance near the antisolar point (the
fluxes. Steps include vicarious calibration of the sae-called hot spot), and increasing forward scattering
ellite image data and conversion of radiances to fluxes SZA increases. The darker areas near the center left
using bidirectional reflectance distribution funcionsf each plot are the result of shadowing by the veg-
tions (BRDFs). BRDFs are distributions of reflection funetation and surface structures. Bidirectional reflectance
tions that are created as a function of the angle formexdies by more than a factor of 2 over the observed
between the angle of solar incidence (solar zendhgles, even for the relatively flat terrain of the SGP
angle, SZA) and the view angle of the instrumeatea. Because these patterns vary with the terrain and
(viewing zenith angle, VZA). Since BRDFs vary fronvegetation and are so critical for radiation budget and
scene to scene it is not possible to apply one singdenote sensing, it is clear that the measurements rep-
BRDF to the radiances measured over the diversityrefented in Fig. 12a are needed for many different sur-
scenes such as encountered within the field of viewfate types and atmospheric conditions.
any given satellite. The approach typically employed Although complete angular sampling could not be
is to classify scenes and determine the BRDF appaitained from these particular measurements, the
priate to that scene. For example, the Earth Radiatieflectances for many of the missing angles beyond
Budget Experiment uses 12 different scenes and accéi@? VZA and 50° SZA can be estimated by applica-
ingly 12 different BRDFs (Wielicki and Green 1989jion of the Helmholtz Principle of Reciprocity. Testing
to determine the fluxes. The Clouds and the Earttlgfthis principle showed that it produced rms errors of
Radiation Energy System proposed an expanded clat5% for the areas viewed by MPIR during these
fication in excess of 200 scenes (Wielicki et al. 1996jlights. Use of the resulting reflectance estimates pro-
Mayor et al. (1998) and Minnis et al. (2000, manaluced a complete pattern of hemispherical bidirec-
script submitted toJ. Geophys. Reshereafter tional reflectance for SZA 45° (Fig. 12b). However,
MMKCDP) used the data collected from the MPIRecause of a lack of measurements beyond VZA = 60°,
during the F96 campaign both to test the calibratiolw additional information could be derived for SZAs
of channel 1 of th66OES-8imager and to derive a set- 60° through the reciprocity approach. Other bin-
of BRDFs for the scenes observed. The difficulty witliling techniques are required for those other angles.
measurement of the BRDF from conventional aircrdly increasing the tilt of the MPIR on future flights, it
measurements is the compromised range of both S& be possible to obtain almost complete hemispheri-
and VZA encountered. A particular advantage of tlwal coverage of bidirectional reflectance at all VZAs.
UAV in the development of the BRDFs is its ability td’he range of SZAs is limited only by the time of year
remain aloft over the same scene for extended peuid latitude of the flights because the UAV can remain
ods covering a much wider range of SZAs than is pas: station repeating the flight pattern as often as
sible with normal manned aircraft experiments. needed to account for surface and atmospheric
MMKCDP composited MPIR channel-1 data obvariations.
tained from three of the clear-sky flights from F96
(29 September, 3 October, and 4/5 October) to obthin Remote sensing of cloud optical properties
clear-sky BRDFs. Data from these flights were taken The ARM-UAV sensor payload has evolved into
at flight altitudes between 6 and 12 km and for VZAa powerful observing system for several cloud remote
ranging from 0° to 60°. Two of the flights occurredensing applications. Combining multispectral radi-
near noon (SZA~45°) and the 24-h flight covered tloeneter observations such as the spectral radiance
range of SZAs from 53° to 90°. These flight data wemeeasurements provided by the SSP or MPIR with the
averaged into zenith and azimuth angle bins and thegh vertical resolution cloud altimetry (e.g., from the
corrected from flight level to the top of the atmospheDL or the cloud radar) enables a more capable retrieval
following the methods of Minnis et al. (1993)of cloud optical depth and effective particle radius.
Although the MPIR on the UAV views only to 40°, A forward model and inversion algorithm de-
the 11° tilt of the instrument to port extends this rangeribed by Miller et al. (2000, hereafter MDSHP) has
from 29° to 51° and further banks of the UAV inbeen applied to simulate the measurements of the SSP
creased the VZA to 60°. Figure 12a shoveetof the as a way of illustrating the utility of t@RM-UAV
results for three SZAs. The combined flight paths yiefdultisensor platform in the retrieval of cloud optical
complete coverage out to a 60° VZA for SZA0°. properties. The model incorporates informatiath
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Fic. 12. (a) The MPIR derived BRDF determined from measurements made at the time of day corresponding to three SZA values
stated. (b) As in (a) but with reflectances deduced at VZAs greater than 60° under the assumption of reciprocity aind atbeénditls
applied to measurements collected with the setting and rising of the sun during the 24-h flight of 5/6 Oct flight aspart of F9

from SSP spectral radiances and CDL-derived clo8&P were used together with CDL cloud heights to re-
profiles into an iterative optimal estimation algorithntrieve cloud optical depth. Surface/lower-atmospheric
of the form developed by Rodgers (1976) and Markerosol albedos were computed from SSP-observed
and Rodgers (1993). In addition to providing usefalear-sky scenes. Because the spectral range of this
diagnostic parameters describing retrieval perfdirst-generation SSP instrument did not include wave-
mance (e.g., the reliance of the convergent solutionlengths longer than 1.4Am, retrieval of particle size
a priori assumptions), the algorithm provides a meanas not available for this case. Those regions where
of quantifying the error in terms of forward modethe CDL does not penetrate the cloud completely (i.e.,
(e.g., assumptions about scattering phase functiamere surface returns are not observed) correspond to
temperature/gas/aerosol profile, etc.), and measuttee highest observed SSP radiances and retrieved op-
ment uncertainty components together. tical depths.

An example of optical depth retrievals obtained
using data collected during the S95 campaign Evaluating cloud parameterizations within
(ARESE) and applied to the retrieval algorithm de- cloud-resolving and numerical weather
scribed above is shown in Fig. 13 and other examplesprediction models
are discussed further in relation to the results presentedThe cloud microphysical and radiative properties
below. For the particular case relevant to Fig. 13, ttiet can be derived from the suite of UAV measure-
cirrus layer was located between about 8 and 10 kments represent a valuable source of information for
The radiances measured by the nadir-oriented airboewaluating the way certain cloud processes are param-
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13 observed is indicated by the

flight tracks of both the Altus Il
and the Twin Otter. Figure 15
presents the vertical cross sec-
tion of the radar reflectivity
obtained from the zenith pointed
94-GHz radar flown on the Twin
Otter during this campaign

COL Backseotter Profile: ARESE 10/26/45
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g F . 1 (Fig. 15a) and the matching
s 200E- - E 4 vertical cross section of lidar
g E - s = ﬁ‘i Lok 3 .
£ E x . £ 0 % i 2 backscatter obtained from the
S00E A Ty T & T I 3 nadir-pointed CDL on the
T Rt T dewaydi 2 LI Y WP N P -
BE , ! "", i , , h "‘h, fai % Altus Il. Also indicated are the
C Retrieved Optical Depth (0.487—gm) 7 portions of the time series that
B - 3 represent collocation of the two
. 1o . . - i 3 measurements. The lidar/radar
E i Do-Aw - 1 measurements indicate a rela-
o an B ;% ii’:lﬁ a1 . .
sk P L f 0 %Ly - tively deep layer of cirrus be-
L T 2 i s | tween approximately 10 and
18.5 19.0 19.5 20.0 70.5 14 km especially after 2300 h

Time (UTC) UTC. The optical depths retrieved

Fic. 13. An example of optical depth retrievals of a cirrus cloud layer between 8 g%n both SSP and GOES image
10 km using data collected during the S95 campaign. The CDL backscattering cros§lgéa- suggests that the cloud var-
tion is shown in the upper panel and the SSP derived optical depths are indicated in thei@ghén its optical thickness up to
panel. Those regions where the CDL suffers total attenuation (i.e., where surface rejufpaximum of about 4 over the
are not observed) correspond to the largest retrieved optical depths. thickest portions of the cloud

during the period from 2300 to
eterized in both cloud-resolving and weather pr&400 UTC (Fig. 16).
diction models. An example of this particular appli- Portions of the flight level data shown in Fig. 15 are
cation using the data obtained from the S99 campaigproduced in Fig. 16 along with the radar reflec-
is now described. The example presented
corresponds to the case of a single layer
of cirrus cloud observed on 30 Apri/BeEEACs Tz s
1999. The data were obtained from sexgigs ol
sors flown on the Altus Il flown abovegs S
the cirrus layer and the Twin Otter flowr™=
below in formation with the UAV. The
data are compared to simulated observ
tions derived from cloud data predicte(/_gar‘v
by both a cloud-resolving model and th

for Medium-range Weather Forecastrgs
(ECMWF). %
Figure 14 is the visible image ob{iss
tained fromGOES-10that provides the Ei
large-scale context for these measur{i
ments. An extensive layer of thin cirrus d

convection associated with an uppe

level trough located west of the observing Fis. 14. GOES image for 30 Apr 1999 at 2330 UTC. Also shown are flight
region. The portion of the layer of cirrugracks of the aircraft.
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tivity and lidar backscatter cross
sections simulated from the ice
water contenbbtained from time

integrations of a two-dimensional
cloud-resolving model. The ra-
dar reflectivity—ice water con-
tent relation to Sassen and Liau
(1994) along with the ice water
content—extinction and extinc-
tion to backscatter relations of
Platt (1997) were employed to
convert the model ice water con
tents to equivalent radar anc
lidar measured quantities. The
cloud-resolving model used to
simulate the cirrus ice-water
content has full dynamics, radia-
tion, and bulk microphysics and
its heritage is the RAMS (Walko
et al. 1996). The model was
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Fic. 15. Time—height cross sections of the CDL backscatter and the mm cloud radar re-

rofil f temperature, mois-, " . . )
profiles of temperature, mois flectivity obtained from level flight legs above and below a cirrus cloud layer observed on

tu_re’ and horizontal winds 0b'30 Apr 1999. The times when the lidar and radar were deemed to be collocated are also
tained from the 24-h forecastgicated.

provided by the ECMWEF. The
details of these simulations and
comparisons with other cirrus observed during the Spfred to the equivalent domain averaged reflectivity
campaign is a topic of another study. Also shown @and backscatter profiles derived from the cloud ice
Fig. 16e are the along-track optical depths of the awater contents as well as the simulated observations
rus derived from both the SSP radiances and matclkedived from the ECMWF 24-h forecast ice water
GOES-10mager radiances in the retrieval scheme desntent field. The comparisons reveal a remarkable
scribed by MDSHP plotted as a function of the medegree of similarity between the radar reflectivity pro-
sured radar reflectivity averaged through the vertidde predicted by both models with the profiles mea-
extent of the cloud. sured by the Airborne Cloud Radar and CDL. This
It is not expected that the model simulations of tlagreement implies some degree of realism of the mod-
cloud variability should match the observations in amfed ice water contents although the latter were not
real quantitative detail. There are a number of reasonsasured. This implication is further supported by the
why the mesoscale structure of the predicted clobrbad agreement between the optical depth distribu-
differs from the observed cloud. The forcing applietibns derived from both the retrieved optical depths
in the model is homogeneous and lacks any mesmd the optical depth distributions calculated from the
scale structure, the model cloud is two-dimensionahodel ice water contents (Fig. 18).
and the model cross section shown is not directly
comparable to the measured cross section obtained
from the aircraft data. Perhaps more appropriate is fieSummary
comparison of the statistics of the model fields
compared to similar statistics of the observations as The U.S. DOE ARM program has established a
given in Fig. 17 that presents the vertical profiles &fAV-based measurement program that has clearly
the measured radar reflectivity averaged along tdemonstrated how measurements from unmanned
flight track of the Twin Otter over the period of timaircraft platforms operating under the various
from 23.11 to 23.89 UTC (refer to Fig. 15 for refereonstraints imposed by different science experiments
ence). These measured profiles are subsequently coam contribute to our understanding @dbud and
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radiative processes. The various
phases of the program’s devel-
opment and the subsequent
achievements of the program are
discussed in the paper. The
achievements of the program
have occurred aseansequence of

Altitude (km)

a goal_onented phased approaCh 23.11 23186 23.21 2326  23.31 2335 2340 2345 2350 2355

to the program’s development Time (UTC)
resulting a series of measure- 0 9 18 27 36 45 54 63 7 80
ment campaigns (eight) that Fauivlent renge (k)

paig g Modeled Radar Reflectivity, t=23:40

yielded a number of the signifi-
cant highlights including the

following. 13
5
. . . =]
1) The first atmospheric sci- £
ence measurements from un- ®) e T ety oaze o
manned aircraft, including 0 : : ‘ : : : : :
. . . 0.6 8.9 17.8 28.7 35.6 44.4 53.3 62.2 714 80.0
the first profiles of radiative Model Range (krm)
fluxes from a UAV, the first
unescorted ﬂight of a UAV Cloud Detection Lidar Data
in class A airspace, the first . '°
science measurements from = —
. £ . Cw . b . R . o -~
a UA_V operated on a station £ .- N PR S LN r L
continuously for more than g s -
24 h and the first science £ ] ()
measurements from a UAV o= e B
above 16 km. The UAV plat- 2311 2316 2321 2326 2331 2335 2340 2345 2350 2355
forms deployed under the Time (UTC)
auspices of the program are o 9 18 27 36 45 54 63 71 80
_ Equivalent range {km)
the Gnat-750, the Altus, and Modeled Lidar Attenuated Backscattering, t=23:40
Altus-1l UAVs provided by 1
General Atomics Aeronauti- ¢ 12
cal Systems, Inc. = 12
2) The development of a versa- 3 s |
tile and pOWGrfUI payload ca- = ¢ () 2.0%107 74,0510 6,010 80416721 .0:10 ™ Haxi o M 4107
pability that includes active o Aienustas Bockacatiering (1)
0.0 11.4 22.9 34.3 45.7 57.1 6B.6 80.0

3)

4)

systems such as millimeter-

wave radar and lidar as well ) _ o _
Fic. 16. (a) The height cross sections of radar reflectivity obtained from the ACR on the

as p assive spectrometer an(?Win Otter; (b) CRM-derived radar reflectivity cross sections; (c) as in (a) but for CDL; and
radiometer systems. (d) as in (b) but for CRM.

The development of a mature

data system that provides

direct real-time downlink of the data to the instru- The program evolved through four different phases
ment mentor during flight and an archive that pr@f activity each culminating in one or more flight cam-
vides access of the data by the general sciepaegns. A total of eight flight campaigns with over
community. 140 h of science flights using a UAV have been car-
The development of aircraft operational systemied out at this time. The goals of three of the four
that allow for the formation flying of multiple air- phases have been achieved and activities under phase
craft thus enabling close coordinationaddud ob- 1V are continuing. Selected examples of the data ob-
servations from two (or more) aircraft. tained from various campaigns higfnt the power-

Model Range {(km)
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™ AL brations. Appropriate equipment and infrastructure
p x#xGOES 10 Retrieval &1 were established at LANL and the calibration activi-
p on SSP Retrievol or 1 ties were linked to NIST, the National Oceanic and
Atmospheric Administration (NOAA), and others to
tie the calibrations to national and international
standards.

The Los Alamos radiometric calibration laboratory
is a 4000 sq. ft facility equipped with state-of-the-art
NIST-traceableptical and infrared radiation sources and
radiometers, along with IR-Visible-UV spectrometers,
and HeNe, GreenNe, and Ci@sers. It can provide for
the complete calibrations of instruments in the spec-
tral range 0.5-12m in both the radiometric and spec-
tral domains; broadband calibrations extend well beyond
this range including into the UV portion of the spectrum.

Calibrated detectors include 1) a Cambridge
Research cryogenic cavity electrical substitution

Fic. 16. (€) SSP and GOES optical depths contrasted agaligtliometer with absolute accuracy of 0.02%—0.058p (1
the measured radar reflectivity. and spectrally flat response from 0.25 tof) 2) two
Eppley absolute cavity electrical substitution radiom-

ful nature of the observing system developed under #f€rs, designed to measure direct normal-incidence
auspices of the ARM—UAV program. The examplegplar radiation at the 0.1%d)Laccuracy level. These
described in section 6 emphasize the value of the mi&¥e instruments were recently tied to the World
surements for several applications involving the stufgdiometric Reference through their participation in
of radiative transfer through clouds, the evaluation 8@ ARM-sponsored intercomparison with 17 other
cloud parameterizations, the vicarious calibration @psolute cavity radiometers, 3) a NIST-designed and
satellite sensors, and the development and evaluagigfibrated Si composite bolometer, with spectral cali-
of cloud remote sensing methods. bration from 2 to 15:m to an accuracy of 1.4%, 4)
silicon trap photodiodes witNIST spectral radio-
Acknowledgmentslhe authors would like to acknowledge
the Department of Energy’s Atmospheric Research Measure-
ment—Unmanned Aerospace Vehicle (ARM-UAYV) progam ar
the Department of Defense’s Strategic Environmental Resea 14
and Development Program (SERDP) for sponsoring much of i
work described in this article. The S99 and Su99 campaignsw 12 b=
also supported under NASA Grants NAG-961158 and 12120 E r
as part of the radiation program of NASA Earth Science Entc >~ 10 |
prise. We also acknowledge the contributions of Anton Beljaz ™~ i
of the ECMWF in providing the cirrus cloud forecasts used @ 8r

Retrieved 7(0.65 um)

-30 -25 -20 -15 -10 -5
Cloud Mean Radar Reflectivity (dBZ,)

analyses of S99 data. _g 5 _
';;; 4 - —— Cloud Model R

Appendix: The Los Alamos National e ECMWE :
Laboratory (LANL) Radiometric R s s L &
Calibration Facility Ot . . v
-60 —-40 -20 o)

The ARM-UAV program reflects the ARM em- =
phasis on measurement accuracy and the progt Radar Reflectivity (dBZ)
management decided that.a” Callbr.atlons should beF|e. 17. (a) The profiles of radar reflectivity averaged across
referenced to the same National Institute of Standa{ﬁjédomain of the CRM and along the flight track of the Otter. The

and Technology (NIST)-traceable standards, and taEMmw profile corresponds to the 24-h forecast field of the grid
geted challenging accuracies for the radiometric calbint of the model that is the closest match to the flight data.
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Fic. 18. Optical depth probability distribution functions (pdf) derived from the retrieved optical depths obtained from the SSP on
the Altus vs. pdf derived from CRM simulations.

metric response calibration better than 1%) @ver for these ubiquitous instruments. Calibration at Los
the 0.35-1.1zm range and 0.33% &3 in the 0.4— Alamos utilized our NIST fluid-bath blackbody ope-
0.9-« range, and 5) commercial (Laser Precision) psating at a variety of temperatures from 5° up to 70°C.
roelectric radiometers. In addition, several other highmethod of radiatively heating and cooling the filter
guality IR detectors are in the calibration laboratoryome of these instruments was developed, allowing
inventory. Also available are calibrated InSb anchlibration of the dome emission contribution to the

HgCdTe infrared cameras. pyrgeometer output. Using this method, it was found
This calibration facility has participated in a numthat dome emission effects can contribute very sub-
ber of activities, including those listed below. stantially to the pyrgeometer output—as much as

20 W m2 K-* of temperature difference between the

Cavity Radiometer Intercomparisoiighteen filter dome and reference junction—thus underlining
electrical substitution absolute cavity radiometers $ire need for thorough calibration of dome effects for
multaneously measured the direct-beam solar irradlt such instruments. Current plans include return of
ance from the same location, over a period of sevetad pyrgeometers to Los Alamos for spectral charac-
days in October 1994. This work tied the calibratidrrization of the filter domes.
of each of the participating radiometers to both the SSP calibrationMultiple calibrations of SSP were
ARM program CART site reference set, and (througierformed at Los Alamos over the course of the ARM—
the participation of the NREL-NOAA reference radiJAV program as described by Stephens et al. (1999).
ometers, recently returned from the World RadiomeEalibration tasks performed included: 1) characteriz-
ric Intercomparison in Davos, Switzerland) to thimg, at multiple wavelengths, the quality of polariza-
World Radiometric Reference. Absolute calibration efon and the polarization orthogonality of the two
the radiometers is now known to within 0.1%, witlinear polarization channels; 2) complete mapping at
respect to the World Radiometric Reference. 1-nm resolution of the relative spectral responsivity

Pyrgeometer Round-RobiBix Eppley pyrge- at each of the 107 encoded positions along SSP’s cir-
ometers were calibrated by a variety of methodsatlarly variable filter for each of SSP’s four channels
twelve standards laboratories around the world, inclytivo linearly polarized narrow field of view channels,
ing LANL, NREL, NOAA, the Eppley Laboratory, theunpolarized narrow field-of-view channel, unpolarized
World Radiation Center in Switzerland, and nationguasi-hemispherical flux channel); 3) absolute spec-
meteorological and standards laboratories in Canattal response calibration at each wavelength for each
Australia, the United Kingdom, Germany, and Japawt. the four channels; 4) angular response calibration
The aim was to establish the validity and degree affthe quasi-hemispherical flux channel at each wave-
equivalence of the various calibration strategies udetigth; 5) calibration of the temperature dependence
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of the absolute spectral response. This involved con-cloud property retrieval schemi Geophys. Red.05,19 955—
struction of a custom variable-temperature environ- 12 971

mental chamber for SSP. capable of tem era,[ur(_:‘SMziar‘mis, P., K. Liou, and Y. Takano, 1993: Inference of cirrus cloud
» cap P Sroperties using satellite-observed visible and infrared radiances.

low as—80°C._ ] ] ) ] Parameterization of radiance fields Atmos. Sci50,1279—
MPIR calibration: First Los Alamos calibration  1304.

activity with MPIR was ground support during the—, S. Mayor, M. M. Khaiyer, D. R. Cahoon, D. R. Doelling,

spring 1996 campaign. Upon delivery to Los Alamos, and G. S. Phipps, 2000: Clear-sky bidirectional reflectance

characterization of the four shortest wavelength MPIR functions derived from ARM-UAV MPIR and CERES heli-

: . copter data over the ARM southern Great Plains Site.
channels revealed a latency/readout-rate mismatch INeophys. Resin press

t_he near-IR f”‘rraysl leading to context-dependent n_@'i’lewskie, P., A. F. H. Goetz, D. A. Beal, R. W. Bergstrom, and
linear behavior, and a temperature-related responsivityp. Mariani, 1998: Observations of the spectral distribution of

drift in the Si cameras. Nevertheless, spectral characsolar irradiance at the ground during SUCCES&phys. Res.

terization of all four channels was performed, Withi{pg '{te%'ﬁ'él“ll;gl?“f' erivation of the visible extincti
. cen ve . att, C. M. R., : A parameterization of the visible extinction
the nonlinear and drift limitations, and an absolu coefficient of ice clouds in terms of ice/water contdnftmos.

calibration and spatial flat fielding of the Si cameras g 54 2083-2098.

was performed. Rodgers, C. D., 1976: Retrieval of atmospheric temperature and
composition from remote measurements of thermal radiation.
Rev. Geophys. Space Phy<l,609-624.
References Sadowy, G. A., and Coauthors, 1997: The NASA DC-8 airborne
cloud radar: Design and preliminary resuRsoc. Int. Geo-
Albritton, D. L., F.C. FehSane'd, and A. F. TUCk, 1991: science and Remote Sensing Sy@"mgapore’ Geoscience
Instrumental requirements for global chemis8gience250, and Remote Sensing Society.
75-81. Sassen, K., and L. Liao, 1994: Investigation of relationships be-
Bluth, R. T., P. A. Durkee, J. H. Seinfield, R. C. Flagan, L. M. tween Ka-band radar reflectivity and ice and liquid water con-
Russell, P. A. Crowley, and P. Finn, 1996: Center for Inter- tents Atmos. Res34, 231-248.
disciplinary Remotely-Piloted aircraft studies (CIRPAS)L. Stephens, G. L., R. F. McCoy Jr., R. B. McCoy, P. Gabriel,
Amer. Meteor. Soc77,2691-2699. P. Partain, S. D. Miller, and S. Love, 2000: A multipurpose
Holland, G. J., T. McGeer, and H. Youngren, 1992: Autonomous scanning spectral polarimeter (SSP): Instrument description
aerosondes for economical atmospheric soundings anywheregnd sample results. Atmos. Oceanic Techndl7,616—627.
on the globeBull. Amer. Meteor. Soc73, 1987-1998. Stokes, G., and S. Schwatrz, 1994: The atmospheric radiation
King, M. D., Y. J. Kaufman, W. P. Menzel, and D. Tanré, 1992: measurement (ARM) program: Programmatic background and
Remote sensing of cloud, aerosol and water vapor propretiesgesign of the cloud and radiation test t&all. Amer. Meteor.
from the moderate resolution imaging spectrometer (MODIS). Soc.75,1201-1221.
IEEE Trans. Geosci. Remote SeB8§,,2-26. Toon, O. B., and R. C. Miake-Lye, 1998: Subsonic aircraft: Con-
Langford, J. S., 1990: New aircraft platforms for Earth system trail and cloud effects special study (SUCCESS3ophys.
science: An opportunity for the 199@2roc. 17th Congress  Res, Lett.25,1109-1112.
Int. Council of the Aeronautical Scienc&pckholm, Sweden, valero, P. J., W. J. Gore, and L. P. Giver, 1982: Radiative flux
ICAS905.8.1. measurements in the troposphéexppl. Opt. .21, 831-838.
Li, Z., A. P. Trishchenko, H. W. Barker, G. L. Stephens, and__ s K. Pope, R. G. Ellingson, A. W. Strawa, and J. Vitko Jr.,
P. Partain, 1999: Analyses of Atmospheric Radiation Measure- 1996: Determination of clear-sky radiative flux profiles, heat-
ment (ARM) programs Enhanced Shortwave Experiment ing rates, and optical depths using unmanned aerospace ve-

(ARESE) multiple data sets for studying cloud absorption.  hjcles as a platforml. Atmos. Oceanic Technol3, 1024—
Geophys. Resl04,19 127-19 134. 1030.

Marks, C. J., and C. D. Rodgers, 1993: A retrieval method for at- A Bucholtz, B. C. Bush, S. K. Pope, W. D. Collins,

mospheric composition from limb emission measureménts.  p_ Flatau, A. Strawa, and W. J. Gore, 1997: Atmospheric Ra-

Geophys. Res98 (D8), 14 939-14 953. diation Measurement Enhanced Shortwave Absorption Experi-
Marshak, A., A. Davis, W. Wiscombe, and R. Cahalan, 1997: ment (ARESE): Experiment and data detdilSeophys. Res.,

Inhomogeneity effects of cloud shortwave absorption measure-102,29 929-29 937.

ments: Two aircraft simulationd. Geophys. Red.02,16 619— \yalko, R. L., W. R. Cotton, M. P. Meyers, J. Y. Harrington, 1996:

16 637. New RAMS cloud microphysics parameterization. Part |: The
Mayor, S. D., P. Minnis, and G. S. Phipps, 1998: Clear-sky bi- single-moment schematmos. Res38,29-62.

directional reflectance functions derived from ARM-UAVyyjielicki, B., and R. N. Green, 1989: Cloud identification for

MPIR Data over the ARM Southern Great Plains Jttec. ERBE radiative flux retrievall. Appl. Meteor.28,113-1146.
Eighth Annual Atmospheric Radiation Measurement (ARM) Sci- _ B R. Barkstrom, E. F. Harrison, R. B. Lee lll, G. L. Smith,
ence Team Meetingucson, AZ, ARM, 461-465. and J. E. Cooper, 1996: Clouds and the Earth’s Radiant

Miller, S. D., C. K. Drummond, G. L. Stephens, A. K. Heidinger, Energy System (CERES): An Earth Observing System Experi-
and P. T. Partain, 2000: A multisensor-satellite diagnostic ment.Bull. Amer. Meteor. SocZ7,853—868.

Bulletin of the American Meteorological Society 2937



ACCESS TO THE ENTIRE AMS
JOURNAL ARCHIVES IS HERE!

Currently, AMS Journals Onlirsover
the period from 1997 to the present. In
response to requests by the commu
nity to extend access to include years
prior to 1997, and in an effort to allow
scientists and students to efficiently
gain access to a broader and more his
torical perspective on thesurrent re-
search, the Society [deased to offer
the AMS Legacy Journals Online. For o
a fixed, one-time price, subscribers @[@DD[@@
may purchasperpetual online access
to every article published prior to
1997 in any or all of our journals
(back to 1974 foMonthly Weather
Review)Search capability at the title,
author, abstract, and full-text levels
makes the Legacy an incredibly pow-
erful and exciting research tool. The table below shows the number of years of back i§sues
that will be available for each issue.

FOR ORDERING
INFORMATION FOR AMS
LEGACY JOURNALS

ONLINE, SEE THE AMS
Journal of the Atmospheric Sciences 54 WEB SITE FOR DETAILS.
PLEASE DIRECT ALL
Journal of Applied Meteorology 35 OTHER INQUIRIES TO
Journal of Physical Oceanography 26 THE AMERICAN
METEOROLOGICAL
Monthly Weather Review (AMS years only) 23 SOCIETY BY E-MAIL AT
Journal of Atmospheric and Oceanic Technology 13 AMSSUBS(@AMETSOC.ORG
OR BY TELEPHONE AT
Weather and Forecasting 11 617-227-2425.

Journal of Climate 9

2938 Vol. 81, No. 12, December 2000



